2
Therefore, it is necessary to prepare polysaccharides from S. fusiforme with relatively low molecular weight to improve the activity. The degradation of polysaccharides can be achieved by either enzymatic methods [6] , chemical methods [7] , or physical methods [8] . Free radicals, for example, the hydroxyl radical (HO·), which degrade polysaccharides by attacking and breaking the glycosidic linkages is a short-lived but powerful oxidant that can be generated by H2O2 reaction with reduced transition metal ions. Ascorbic acid (VC) can also reduce H2O2 to yield hydroxyl radicals in the presence of trace metals. Therefore, H2O2 in combination with VC has attracted interest for polysaccharide degradation [9, 10] . At present, little information is available regarding the optimal conditions for degradation of polysaccharides from S.
fusiforme. In this study, a method involving the use of H2O2/Vc was employed in order to degrade the polysaccharide. The degradation conditions were optimized by a response surface methodology (RSM).
Tyrosinase (EC 1.14.18.1) is widely distributed in nature and plays an important role in melanin production. It is well known that tyrosinase is responsible for the pigmentation of skin [11] , the browning of fruits and vegetables [12] . Alterations in melanogenesis may be responsible for part of the clinical and histopathological features unique to malignant melanoma, a cancer with a rapidly increasing incidence [13] . Thus, tyrosinase inhibitors may be clinically useful for the treatment of skin cancer and some dermatological disorders associated with melanin hyperpigmentation.
Recently, it was reported that some polysaccharides inhibit tyrosinase [14] .
Herein, the antioxidant and anti-tyrosinase activities of the degraded polysaccharide from S. fusiforme (DPSF) are compared with the native polysaccharide preparations (PSF).
Materials and methods

Materials and chemicals
Sargassum fusiforme was collected in Dongtou, Zhejiang province (China).
papain, hydrogen peroxide (H2O2, 30%, V/V), 1,1-diphenyl-2-picrylhydrazyl (DPPH), trichloroacetic acid (TCA), L-tyrosine and dihydroxyphenylalanine (L-DOPA) were purchased from Aladdin (Shanghai, China). Tyrosinase, dextran standards were purchased from the Sigma-Aldrich Chemical Co. (USA). All other chemicals and reagents used were of analytically pure agent grade.
Preparation of crude polysaccharide
The crude polysaccharide from S. fusiforme (PSF) was prepared according to Chen's method with slight modifications [15] . Briefly, S. fusiforme was dried at 55 
Degradation of PSF
PSF was degraded using a H2O2/VC method with some modifications [16] . In brief, PSF (1.0 g) was dispersed in 200 mL distilled water, and different concentrations of H2O2 and VC (molar ratio 1:1) were introduced directly into the 6 solution. Hydrolysis of PSF was performed for the designated reaction times (0.5, 1, 1.5, 2 and 2.5 h) and temperatures (30, After centrifugation at 8000 rpm for 10 min, the sediment was collected, dissolved in distilled water. The resulting solution was dialyzed, concentrated and lyophilized (as described in 2.2) to yield degraded polysaccharides (DPSF).
Characterization of polysaccharide
The total sugar content of polysaccharide samples was estimated by a phenol-sulfuric acid colorimetric method using glucose as a standard [17] . The sulfate content was determined by a barium chloride method [18] . The protein content was determined by the method of Bradford, using bovine serum albumin as a standard [19] .
The content of uronic acid was determined according to the method of Blumenkrantz and Asboe-Hansen using D-glucuronic acid as a standard [20] . The moisture content was measured by employing vacuum drying method according to the Chinese National Standard (GB 5009.3-2010).
Molecular weight analysis
The molecular weight of polysaccharide was measured using high-performance gel permeation chromatography (HPGPC) on a Waters 1000 HPLC system, using a Waters 2414 Refractive Index Detector. Samples (10.0 mg) were dissolved in distilled water (10.0 mL), passed through a 0.45 μm filter and applied to a gel-filtration chromatographic column of Ultrahydrogel™ Linear (300 mm × 7.8 mm, Waters, USA). Deionized water was used as a mobile phase at a flow rate of 0.5 mL/min. The temperature of the column was maintained at 30 o C and the injection volume was 10 μL. Preliminary calibration of the column was carried out using dextran standards with different molecular weights.
Optimization of hydrolysis conditions for the preparation of DPSF
Based on the results of single-factor experiments, response surface methodology (RSM) was employed to further optimize the degradation conditions, three key independent variables, including concentration of Vc/H2O2, degradation temperature, and degradation time. Box-Behnken design (BBD) was used to survey the effects of independent variables at three levels on the response dependent variable, namely DPPH free radical scavenging ability. Each coded parameter was set at three different levels. The entire design consisted of 17 experimental runs carried out in random order (Table1). Each experiment was carried out in triplicate. Degraded polysaccharide obtained under the optimum conditions was used for more detailed antioxidant activity and anti-tyrosinase activity investigations.
Insert Table 1 2.7 Antioxidant activity assays for polysaccharides
Ferric iron reducing power
The ferric iron reducing power assay was carried out in reference to a previously reported method with some modifications [21] . Polysaccharide samples (2mL) with different concentrations were mixed with phosphate buffer (2 mL, 0.2 M, pH 6.6) and potassium ferricyanide (2 mL, 1%, W/V), then incubated at 50 o C for 20 min.
Trichloroacetic acid (2mL, 10%, W/V) was added to the mixture, centrifuged at 3000 rpm for 10 min. The supernatant (2 mL) was mixed with distilled water (2 mL) and FeCl3 (0.4 mL, 0.1%, W/V). The absorbance of the resulting solution was measured at 700 nm after 10 min. VC served as a positive control.
Scavenging activity of DPPH radicals
The DPPH-scavenging activity was determined according to the reported method with some modification [22] . In brief, samples (2.0 mL) were mixed with DPPH solution (2.0 mL, 0.1mmol/L in ethanol), followed by vigorous blending. After 30 min incubation in the dark, the absorbance at 517 nm was measured. The DPPH-scavenging activity was calculated as:
Abackground is the absorbance of the sample under identical conditions as Asample with ethanol instead of DPPH solution, and Ablank is the absorbance of the control solution (distilled water instead of the sample).
Scavenging activity of hydroxyl radical (HO·)
The HO· scavenging ability of polysaccharide samples was determined by an improved Fenton-type reaction as previously described [23] . sample solutions (1.0 mL) mixed with FeSO4 (1.0 mL, 9 mM), salicylic acid-ethanol (1.0 mL, 9 mM) and H2O2
(1.0 mL, 9 mM) were incubated at 37 o C for 0.5 h, and absorbance was measured at 510 nm. The scavenging activity was calculated according to the following formula: 
Assay of tyrosinase activity
The inhibitory activity of polysaccharides on mushroom tyrosinase was determined spectrophotometrically according to a previously described method with minor modification [25] . Briefly, a solution of L-tyrosine or L-DOPA (0.5 mL, 2 mM) was mixed with phosphate buffer (0.4 mL, 25 mM, pH 6.8), followed by the addition of polysaccharide (0.05 mL) at different concentrations (0, 5, 10, 15 and 20 mg/mL).
After 10 min of incubation, mushroom tyrosinase (0.05 mL, 500 U/mL) was added to the solution. The optical density (OD) was recorded after 30 min. The increase in the absorbance value at 475 nm due to the formation of dopachrome was monitored using a microplate reader. The inhibition rate of tyrosinase was calculated according to the following formula:
where A is the OD without testing polysaccharide, B is the OD without testing polysaccharide and substance, C is the OD of testing group, D is the OD with testing substance but without tyrosinase.
The inhibitory kinetics of polysaccharide for tyrosinase was analyzed using the Lineweaver-Burk method based on the results of inhibitory effect on the diphenolase activity of mushroom tyrosinase [26] .
Statistical analysis
All the data are expressed as mean ± standard deviation (SD) of at least three replicates. Data was subjected to analysis of variance (ANOVA) followed by Duncans multiple-range tests, P<0.05 was considered as a statistically significant difference.
Design-Expert (Version 8.0.5, State-Ease Inc., Minneapolis, MN, USA) was used for the experimental design and the regression analysis of experimental data. The F-value and P-value are two important indicators for ANOVA. A high F-value of this quadratic polynomial model was 459.46 (Table 2) , while the corresponding P-value was less than 0.0001, which implied the model was extremely significant. Non-significant lack-of-fit is desirable. The F-value and P-value of lack-of-fit in the regression model were respectively 1.30 and 0.3898, which implied the lack-of-fit was not significant relative to the pure error and confirmed the validity ,) were significant, the other term coefficients were not significant (P>0.05).
Results and discussion
Insert Table 2 3.1.2 Response surface plot and contour plot analyses experiments were performed under the optimal conditions, and the DPPH-scavenging activity of polysaccharide was found to be 75.22±0.02%, which indicated that the model was appropriate for the degradation process.
Characteristics of the sample
The chemical composition of PSF and DPSF are presented in Table 3 . As shown in Table 3 , DPSF contained a higher content of total sugar and sulfate than PSF, but less uronic acid.
Insert Table 3 3.3. Antioxidant activities of polysaccharide
Assay of ferric iron reducing power
Total antioxidant ability can be evaluated by measuring the ferric iron reducing results of previous studies that demonstrated that the polysaccharides with lower molecular weight possessed higher reducing power [28] . However, the reducing power of DPSF was weaker than VC. Reducing properties were generally associated with the presence of reductones, which exhibited antioxidant activity by donating hydrogen atoms and electron donors. Thus, hydrolysis of PSF might produce reductone, which could react with free radicals to convert them into more stable products, thereby terminating radical chain reactions [29] .
Insert Fig. 2 3.3.2 DPPH free-radical scavenging activity DPPH is a stable free-radical compound which shows maximum absorbance at 517 nm. It was widely used in evaluating the ability of antioxidants to scavenge radicals. As presented in Fig. 2B , the scavenging effect of tested samples increased with increasing concentration. The DPPH scavenging effect of DPSF was higher than that of PSF, however both showed lower scavenging activity than VC. The concentration of antioxidant needed to decrease the initial radical concentration by 50% (IC50) is widely used to assess the antioxidant activity. The IC50 values of PSF, degradation of polysaccharides may expose more active moieties, which could serve as hydrogen donors to scavenge DPPH radicals.
Hydroxyl radical scavenging activity
Hydroxyl radical is one of the most reactive and dangerous free radicals amongst reactive oxygen species and is mainly responsible for the oxidative injury of biomolecules functioning in living cells. In this study, hydroxyl radicals were generated by a Fenton-type reaction, namely the reaction of Fe(II) complex with H2O2
in the presence of salicylic acid. The scavenging ability of DPSF was found to be improved as compared to that of PSF (P<0.05) (Fig. 2C) . The results suggest that the molecular weights of these polysaccharides play an important role on their bioactivity, which is similar to Zhao's report that higher antioxidant activities were found when the molecular weight decreased [5] . In addition, the polysaccharides were found to have a lower antioxidant activity than VC. At a concentration of 1.0 mg/mL, the scavenging effects of PSF and DPSF were determined to be 18.33% and 32.98%, respectively, while the scavenging rate of VC was 30.76% even at 0.1 mg/mL.
Superoxide anion radical scavenging activity
The superoxide anion radical is generated by numerous biological and photochemical reactions. In addition to directly attacking important biological molecules, the superoxide anion radical may also decompose to form singlet oxygen and hydroxyl radicals that may increase local oxidative stress and initiate cellular damage or lipid peroxidation and pathological incidents [30] . Thus, removing the hydroxyl radical is important for antioxidant defense in cell or food systems. The decrease of absorbance at 420 nm after addition of polysaccharides can represent the decrease in content of superoxide radicals. Thus, a lower absorbance at 420 nm indicates a higher antioxidant activity of the sample. As shown in Fig. 2D , the scavenging effects of PSF, DPSF and VC on superoxide anion radical were dose-dependent. The scavenging abilities on superoxide radical could be ranked as the following order: PSF<DPSF<VC. The IC50 values of PSF and DPSF were 0.577 and 0.388 mg/mL, respectively. The superoxide anion radical-scavenging rate was 43.38 % for PSF, 53.56 % for DPSF and 99.58% for VC at 0.5 mg/mL. Sulphate content is an important factor for superoxide anion scavenging ability in fucoidan [31] , and the superior activity of DPSF to PSF is assumed to be attributed to its higher sulphate content .
Inhibition of tyrosinase activity
As shown in Fig. 3 , the inhibitory effects of polysaccharide on both monophenolase and diphenolase activities of mushroom tyrosinase exhibited a dose-dependent manner. DPSF possesses a superior anti-tyrosinase activity to that of PSF. At 1.0 mg/mL, the inhibitory rates of PSF and DPSF against monophenolase activity of tyrosinase were determined to be 14.3% and 37.1%, respectively (Fig. 3A) , while for diphenolase activity, the inhibitory rates were 19.9% and 49.7%, respectively (Fig. 3B ). oxidation by polysaccharide were analysed using Lineweaver-Burk double-reciprocal plots (Fig. 3D) . The plots give a family of straight lines with different slopes intersecting in the second quadrant, indicating that DPSF can bind, not only with free enzyme, but also with the enzyme -substrate complex, namely, DPSF was a competitive-uncompetitive mixed type inhibitor. This result was consistent with previously published work. [32] It is well known that tyrosinase can catalyze hydroxylation of L-tyrosine to L-DOPA (monophenolase activity) and also the subsequent oxidation of DOPA to dopaquinone (diphenolase activity). Dopaquinone is highly reactive and can polymerize spontaneously to form melanin in a series of reaction pathways. Reduction of dopaquinone formation results in the inhibition of melanin formation. Thus, it can be reasonably assumed that the anti-tyrosinase activity of polysaccharide is attributed to its antioxidant property [33] . Hydroxyl groups of polysaccharide could form hydrogen bonds to a site on the enzyme, leading to steric hindrance or conformational change [34] . Indeed, it has been demonstrated that binding of polysaccharide from S.
fusiforme with tyrosinase results in an obvious change in the tertiary structure of tyrosinase [32] . Therefore, superior anti-tyrosinase activity of DPSF to that of PDF can be partially attributed to its superior anti-oxidant activity, while the relatively low molecular weight of DPSF possibly means its ability to bind tyrosinase more tightly.
Insert Fig. 3 
Conclusions
The 
